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Nitric oxide plays an important role in biological signaling, with numerous pathways involving interactions with transition metal centers. 1 Accordingly, bioinorganic chemists have been inspired to investigate the interactions of NO with a variety of transition metal centers. 2 Our interest in transition metal-based nitrosyl chemistry, which includes the design and implementation of intra-and extracellular sensors of NO, prompted our investigation of non-heme iron(III) complexes as a platform for binding NO reversibly. Current smallmolecule-based methods for biological NO detection rely on irreversible NO reactions, thereby only allowing for observation of cumulative NO production, rather than real-time concentration changes. A system that could react with NO reversibly would allow for direct detection of both increases and decreases in intracellular NO concentrations; a currently unmet need in NO sensing.
Transition metals offer an attractive platform for reversible NO binding. For this study, we focused on non-heme {M-NO} 6 centers, where n in {M-NO} n refers to the total the total number electrons from the metal-d and NO-* orbitals, 3 particularly Fe(III) and Ru(III) nitrosyls stabilized by poly-anionic ligands. 4 Although many of these compounds release NO upon photolysis, 5 release of NO without an external stimulus remains difficult. A major challenge in developing systems that bind NO reversibly is to ensure that NO is released as ·NO rather than NO − or NO + , for the latter events are accompanied by metal oxidation or reduction, respectively. We envisioned that an Fe(III) center housed in a ligand that stabilizes this oxidation state might promote NO binding and release without formal reduction of iron. We therefore explored the reaction of NO with an Fe(III) complex of the well-studied tetra-amido macrocycle (TAML) scaffold 6 depicted in Scheme 1. Although this and related systems have previously supported chemistry of high-valent metal complexes, 7 the reactivity with NO was previously unexplored.
Anaerobic treatment of [Fe(TAML)] − with NO in a 1:100 MeOH:MeCN solution 8 resulted in immediate conversion of the initial orange solution to deep purple with concomitant appearance of new bands at 533 ( = 1600 M −1 cm −1 ) and 888 ( = 3500 M −1 cm −1 ) nm in the UV-vis spectrum (Figure 1 ). Purging the solution with dry nitrogen either under ambient light or in the dark regenerated the optical spectrum of [Fe(TAML)] − . Further addition of NO restored the purple solution. These results suggest that bound NO is in equilibrium with free NO in solution, and that purging promotes complete release of the gas, subsequent reintroduction of which restores the NO adduct. This process was repeated numerous times without apparent decomposition of [Fe(TAML)] − .
[Fe(TAML)] − has two available axial coordination sites, and reaction with NO could potentially afford both mono-and/or dinitrosyl adducts. To probe the stoichiometry of NO binding, a Job's plot was prepared by varying the molar ratios of [Fe(TAML)] − to NO. Monitoring the absorbance at 888 nm as a function of the altered molar ratio of reactants revealed a clear break at 0.5, which is characteristic of 1:1 adduct formation (Figure 2a ). This result is consistent with formation of a mononitrosyl, in which iron could either be a five-coordinate or octahedral six-coordinate with solvent coordinated at an axial site trans to the nitrosyl ligand.
To further investigate NO binding, variable temperature UV-vis spectroscopic experiments were performed. The strong visible and near-IR absorptions of [Fe(TAML)NO] − at 533 and 888 m, respectively, are qualitatively similar to absorptions at 565 and 970 nm recently reported for the S=1 {Fe-NO} 6 adduct of a tetra-anionic N 2 S 2 ligand scaffold from which NO could be released upon heating. 9 In the N 2 S 2 system, the near-IR absorptions were assigned to electronic transitions in the S=1 manifold, but cooling the nitrosyl to 0 °C bleached these bands owing to spin crossover from the S=1 to the S=0 spin state. To perform similar studies with [Fe(TAML)NO] − , variable temperature UV-vis experiments from −30 to 80 °C in 100:1 CH 3 CN:MeOH or 0 to −78 °C in MeOH were performed (Figure 3b ,c). In both cases, the intensities of the near near-IR absorptions changed but the wavelength of the absorbance maxima was not appreciably altered. These results suggest that the change in UV-vis intensity reflects the solvent dependence of the NO binding thermodynamics rather than [Fe(TAML)NO] − spin state interconversion. The solvent dependence of NO binding can further be observed by addition of H 2 O to a solution of [Fe(TAML)-NO] − , which leads to partial displacement of coordinated NO ( Figure S1 ).
To provide direct evidence of iron nitrosyl bond formation, solution IR studies were performed, monitoring the growth and disappearance of a nitrosyl stretch as a function of NO addition and N 2 purging. Addition of 5 equiv of NO to a 20 mM solution of [Fe(TAML)] − in 5:1 CH 3 CN:MeOD resulted in the appearance of a new band at 1799 cm −1 , consistent with formation of an Fe(III) nitrosyl (Figure 3 ). Purging the headspace of the reaction vessel with N 2 to remove the NO completely bleached the nitrosyl stretch. Readdition of NO regenerated the 1799 cm −1 stretch with an identical intensity as the initial cycle ( Figure 3 ). Isotopic labeling with 15 NO resulted in an observed NO stretch at 1761 cm −1 , which agrees well with the predicted isotopic shift of 1767 cm −1 based on the simple harmonic oscillator model.
To further explore the electronic structure of the resultant iron nitrosyl, EPR and NMR spectroscopy were employed. Samples of 10 mM [Fe(TAML)] − in MeOH were treated with 10 equiv of NO and frozen at 20 K. Upon reaction with NO, the characteristic S=3/2 EPR signal of [Fe(TAML)] − bleached completely. 10 These results are consistent with formation of an EPR-silent, integer spin iron product ( Figure S2 ).
NMR spectroscopy was used to further probe the spin state of the nitrosyl product. Although [Fe(TAML)] − is paramagnetic, the 1 H NMR spectrum shows characteristic resonances that can be monitored upon reaction with NO. If the metal nitrosyl product is diamagnetic, as is the case with many {Fe-NO} 6 complexes, the 1 H NMR spectrum should sharpen significantly and show resonances consistent with a typical diamagnetic compound. Alternatively, if the product is a less-common paramagnetic S=1 or S=2 {Fe-NO} 6 species, the NMR spectrum may show new characteristic features of the {Fe-NO} 6 . To test these possibly outcomes, a 10 mM solution of [Fe(TAML)] − in either 9:1 CD 3 CN:CD 3 OD or neat CD 3 OD was titrated with different amounts of NO. Diamagnetic sharpening was not observed in either solvent system, but new paramagnetic resonances were observed. For example, in CD 3 OD, the resonance at −13 ppm in the NMR spectrum of [Fe(TAML)] − disappeared upon treatment with NO, and the shape of the spectrum from 0 to −5 ppm changed upon NO addition ( Figure S3 ). These results are consistent with formation of a paramagnetic [Fe(TAML)NO] − species. 11 We further characterized the nitrosyl product by Mössbauer spectroscopy. Isolating the nitrosyl adduct in solid form proved problematic owing to the ease by which the coordinated NO was displaced. Solid material containing [Fe(TAML)NO] − was isolated by bubbling NO through a solution of [Fe(TAML)] − in methanol at a rate sufficient to evaporate the solvent. The IR spectrum of the resultant black solid revealed a nitrosyl stretch at 1797 cm −1 (KBr pellet) consistent with the solution IR measurements. Mössbauer spectroscopy at 80 K was performed, and the resultant data were fit to a three-site model corresponding to the [Fe(TAML)] − starting material (64%), the nitrosyl complex (36%), and a minor uncharacterized impurity (0.07%) (Figure 4) . 12 The parameters corresponding to the nitrosyl adduct were = −0.20 mm/s, eq = 3.29 mm/s, L,R = 0.31. The observed negative isomer shift is similar to those of several Fe(IV) compounds coordinated by similar tetra-amido ligands, 7e,7j suggesting the formation of an Fe IV -NO − core.
In addition to the solution and solid state measurements of the structure and properties of [Fe(TAML)NO] − , we performed DFT calculations to probe the electronic configuration of the complex at the B3LYP/6-311+g(d,p) level of theory. Previous calculations of the coordinatively-unsaturated [Fe(TAML)] − complex showed high spin density in the dz 2 orbital, poised to react with NO. 7g Our calculations confirmed this prior result and suggest that the S=1 nitrosyl complex is 4.0 kcal/mol more stable than the analogous S=0 complex. 13 This energetic difference is consistent with the solution data, which suggest an S=1 ground state electronic configuration for [Fe(TAML)NO] − . Time dependent DFT (TDDFT) calculations were performed using PB1PBE/6-311+g(d,p) to calculate the UV-vis spectra of the optimized S=0 and S=1 [Fe(TAML)NO] − structures. The calculated UVspectrum of the S=1 complex ( Figure S4 , S5) qualitatively reproduces the experimentally observed near-IR absorbance, whereas the calculated S=0 spectrum was featureless above 680 nm. Taken together with the spectroscopic evidence, the energy and TDDTF calculations support an S=1 spin state for [Fe(TAML)NO] − .
Conclusions
A rare example of reversible binding of NO to a synthetic non-heme Fe(III) complex is presented. Upon addition of NO, the S=3/2 [Fe(TAML)] − complex binds NO with a 1:1 stoichiometry and spectroscopic parameters consistent with formation of an S=1 {Fe-NO} 6 complex. Upon purging with N 2 , the coordinated NO is released to regenerate the parent Fe(III) complex. 
